Applying an environmental life-cycle approach to a silicon photovoltaic system by Frost, Sean
  Applying an environmental life-cycle approach to a silicon photovoltaic system 
Feb.  2009                                                                                                                 Sean Frost 
 
 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
Sean Frost   BEng, BAppSc Energy Studies 
 
Applying an environmental life-cycle approach to a silicon 
photovoltaic system. 
 
A dissertation to satisfy the requirements for the Master of Science in Renewable Energy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Energy Studies, School of Engineering and Energy, Murdoch University 
February, 2009 
   Applying an environmental life-cycle approach to a silicon photovoltaic system 
Feb.  2009                                                                                                                 Sean Frost 
 
   
Page ii 
 
   
 
Declaration 
 
The work in this dissertation is my own, and has not been submitted for 
assessment in another unit or course, or at another institution. 
 
 
 
Sean Frost 
     Applying an environmental life-cycle approach to a silicon photovoltaic system 
Feb.  2009                                                                                                                 Sean Frost 
 
    Page 
iii 
 
   
ABSTRACT 
 
Life Cycle Assessment (LCA) is potentially an important decision support tool for the 
energy sector. This paper explores the effectiveness of the use of LCA in assessing the 
environmental impacts of photovoltaic (PV) systems, and the value in doing so.  
 
LCAs can be used to compare the relative environmental impacts of different products 
or industrial processes (such as PV-sourced electricity generation), but LCAs generally 
don’t compare the significance of measured impact levels relative to absolute limits for 
resource depletion, harmful emissions, and other impacts. In addition, LCAs use varying 
numbers and types of indicators, sometimes introducing non-scientific value judgements 
by weighting and aggregating the results. Regardless of these limitations, LCAs 
sometimes purport to provide a complete environmental assessment and are 
sometimes regarded as ‘scientific’ in all aspects. In promoting their use, it is important 
to understand the limitations of environmental accounting methods. 
 
The following two Research Questions were posed: 
1.  Do PV systems have significant ecological impacts which are not already 
meaningfully accounted for and managed? 
2.  Is there any value in performing thorough environmental LCAs of PV systems? 
 
Literature review.  Selected LCAs of PV systems were reviewed. It was shown that LCAs 
of PV systems vary widely in the number and type of ‘category indicators’ used in the   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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assessment. LCAs of PV systems often measure a narrow range of environmental impact 
categories, which limits their ability to account for significant ecological impacts. 
Demonstration.  A 3kWp poly-crystalline silicon PV system from the Ecoinvent v2.0 
database was assessed using SimaPro v7.1 LCA software. Two Life Cycle Impact 
Assessment methods were used: ‘IMPACT 2002+ v2.03’ and ‘EPD2007 v1.00’. The 
relevant category indicators were measured, which is necessary for environmental 
assessment, however, it is not sufficient to inform us of the significance of those 
impacts. LCA can’t confirm whether a PV system is environmentally sound without 
reference to external frameworks, which (in theory) define absolute limits on resource 
consumption and environmental impacts (eg. the framework of an Emissions Trading 
Scheme). 
Recommendations. This study recommends that ‘thorough LCAs’ be mandated, on an 
ongoing basis, to assess the environmental impacts of energy infrastructure options, to 
help to inform decision-making processes. LCA can help us to compare the 
environmental impacts of PV systems with other electricity generation technologies. 
Such comparisons should be carried out according to ‘sustainability principles’. 
To increase the effectiveness of Australian LCA, it is recommended that Australia 
develops extensive Life Cycle Inventories and develops Australian Life Cycle Impact 
Assessment methods, incorporating Australian characterisation factors (all compatible 
with world’s best practice). 
1   
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1  Introduction 
 
‘The energy sector vastly exceed all other industries in infrastructure size, 
capitalization, money transfer rates, and annual throughputs of raw materials 
and products’ (Tester, Drake et al. 2005) pg. 824. 
 
This author is concerned about the environmental (and other) impacts of the energy 
sector. I am a keen supporter of an increase in the percentage of Australian electricity 
which is sourced from genuinely renewable energy. I am particularly interested in the 
viability of harnessing the Sun’s energy to generate electricity. An important renewable 
energy technology for this purpose is solar photovoltaic (PV) systems. All forms of 
electricity generation have a range of environmental and social impacts in their full life-
cycles, and I was interested to know the significance of the impacts caused over the full 
life-cycle of a PV system (the environmental impacts in particular). The Life Cycle 
Assessment (LCA) methodology is a valuable tool for assessing the environmental 
impacts of a wide range of products and industrial processes, including PV systems.  
 
I have spoken with PV advocates who place little value on accounting for the negative 
environmental and social impacts of the PV industry. Far from seeing environmental 
assessment as ‘dwelling on the negatives’, I see environmental assessment in the energy 
sector as part of a courageous vision.  Environmental assessment can provide visibility of 
a range of important environmental impacts. Such visibility would be expected to enable 
more effective long-term economic management within the energy sector. Ongoing   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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thorough environmental assessments in the energy sector might be expected to lead to 
more effective energy infrastructure planning, resulting in an increase in the security of 
Australia’s electricity supply. 
 
When I contacted Australian Customs on the telephone, enquiring about the 
environmental regulations which apply to imported PV systems, the relevant customs 
officer had no knowledge of environmental standards which apply during the 
importation of PV systems into Australia (perhaps it would have been worthwhile 
making further enquiries with Australian Customs). When I discussed the subject with a 
professional in the Australian solar industry, who imports PV modules into Australia, I 
was informed that he had not encountered eco-labelling or environmental regulations in 
Australia for imported PV modules. 
 
The goal of this study is to examine the environmental impacts of silicon PV systems 
over their full life-cycles. I hope that this study will promote a greater awareness of the 
need to assess the environmental impacts of electricity generation options. I hope that it 
will also generate a greater awareness of the limitations of environmental assessment. I 
would suggest that an awareness of environmental assessment methods would be 
potentially empowering to a range of actors in the energy sector, and increasingly so in 
the future. 
 
The focus of this study is not on comparing the environmental impacts at different life-
cycle stages, or between different processes in the chain of production of PV systems.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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The entire life-cycle of a PV system is treated at one time, with a focus on its 
environmental impacts. However, ecological systems are complex and the assessment of 
environmental impacts is inherently difficult. Hence, this study also considers the 
effectiveness of the LCA method in assessing the environmental impacts of PV systems. 
 
Although the effectiveness of the LCA methodology is explored as a tool for 
environmental assessment, this study does not comprise a full LCA of a PV system. 
Certain aspects of LCA are not covered , such as uncertainty analysis (which was not 
necessary for the aims of this paper). 
 
In the interests of simplicity, I find it helpful to consider three important areas of 
environmental impact, as described by (Rebitzer, Ekvall et al. 2004): 
1.  Pollution prevention 
2.  Reductions in resource consumption 
3.  Other interventions (eg. Land-use) 
 
Area 1, ‘emissions’, and area 2, ‘resource consumption’, are sometimes classed as 
‘elementary flows’, which occur between the economy and the natural environment 
(Frischknecht, Jungbluth et al. 2004). It is interesting to note that two of the 
fundamental advantages of photovoltaic electricity generation over fossil fuel sources 
(per unit of electricity generated) are in pollution prevention, and in reductions in 
resource consumption (ie. it’s not ‘rocket science’). The environmental impacts of PV 
systems are assessed systematically using LCA, in the same way as they are assessed for   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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other electricity generation options, and for other products and industrial processes. 
Hence, an exploration of the effectiveness of the use of LCA to determine the 
environmental impacts of PV systems may be relevant to a consideration of the 
effectiveness of LCA in determining the environmental impacts of other electricity 
generation options, and other products and industrial processes. 
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Figure 1   Classification of ‘Areas of Protection’ 
Source: Fig. 3 in (Pennington, Potting et al. 2004), based on (Udo de Haes et al 2002)
1 
Life Cycle Impact Assessment (LCIA) is used in life cycle assessment to account for a 
range of environmental impacts concurrently. Figure 1 shows one classification of the 
‘Areas of Protection’ which are used in LCIA. In Figure 1 the economy is seen to be 
dependent on the natural environment, and each area is interdependent with every 
other area. By systematically accounting for material and energy flows LCA helps to 
demonstrate these interdependent relationships. It would seem likely that this 
                                                           
1 Udo de Haes et al.(2002) Life-cycle impact assessment: striving towards best practice. 
Pensacola, FL, USA: SETAC Press.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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perspective promotes effective environmental management, and effective 
environmental management is ‘good economics’. 
 
The appendix titled ‘Limitations in Quantifying Impacts’ explores some of the themes of 
this paper through a series of abstract diagrams. These simplistic diagrams are intended 
to provoke thought, and not to be treated as models of real systems. The appendix is 
not a core part of this study, but an ‘optional extra’. The reader is invited (if they wish) 
to use the diagrams to meditate on their own understanding of the effectiveness of the 
ways in which our society accounts for and manages risk. 
 
1.1  Research Questions 
 
This study attempts to answer the following two questions: 
 
 
 
Do PV systems have significant ecological impacts which are 
not already meaningfully accounted for and managed? 
 
Is there any value in performing thorough environmental 
LCAs of PV systems? 
     Applying an environmental life-cycle approach to a silicon photovoltaic system 
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2  Electricity from Si PV 
 
2.1  PV Systems 
 
Photovoltaic (PV) cells are made from semiconductors (often silicon) and produce 
electricity when exposed to light, utilising the photovoltaic effect. PV modules comprise 
PV cells encased in a weather-proof covering which is generally glass, often with a plastic 
laminate backing plate, seals, and a number of smaller parts, such as terminals and  
diodes (Falk Antony 2007). A PV array comprises a number of PV modules connected 
together. A PV system comprises an array and balance of system (BOS) components. The 
BOS generally includes an inverter, frame, support structures and various supporting 
equipment depending on the particular PV system. 
 
PV systems can either be either grid-connected or ‘stand-alone’. The smallest commonly 
used household systems have a capacity of about 1kWp (kilowatt peak). ‘Solar farms’ are 
becoming increasingly common, and can range up to several MW (megawatt) capacity, 
and beyond.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Figure 2   Photovoltaic system, Germany 
Source: (Creativecommons 2009) 
The most common types of commercially available PV cells are mono-crystalline silicon 
cells and poly-crystalline silicon cells. Together, these comprise 93% of global sales (Falk 
Antony 2007). The third common type of PV cell is ‘thin-film’. Thin-film cells are made 
from amorphous silicon (α-Si) or a range of semiconductor materials such as cadmium-
telluride (CdTe), copper-indium-diselenide (CIS), and gallium-arsenide (GaAs) (Falk 
Antony 2007). 
 
The arguments to follow, regarding the environmental assessment of PV systems, are 
generally relevant for systems based on any type of PV material, and for systems of any 
scale. In Chapter 6, a 3kWp poly-crystalline Si PV system from Switzerland is assessed 
with a focus on its full life-cycle ecological impacts.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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2.2  The PV Life-cycle 
 
 
Figure 3   The life-cycle of PV 
Source: (Fthenakis 2006) 
Figure 3 shows a generic PV life-cycle. Material and energy inputs (M, Q) are required at 
every stage, from raw materials acquisition, to recycling and ‘treatment/disposal’. Each 
stage also results in emissions ‘E’. 
 
According to (Markvart 2000), the hazards which are encountered during the production 
of Si cells are similar to those in the microelectronics industry, where it is claimed that 
procedures for monitoring and for control are well established. 
 
Most of the environmental impacts of PV systems are due to the conventionally sourced 
energy which is used in their production (Markvart 2000). A large quantity of energy is 
required to manufacture a PV system. Crystalline silicon cells have the highest energy   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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demand due to the requirement for high temperatures for silicon and wafer production. 
The crystallisation of solar silicon currently requires about 10,000 kWh/kWp (The 
German Energy Society 2008). The Cumulative Energy Demand (CED) is a popular 
measure in PV LCAs. It is defined as the ‘sum of the energy expenditure for a product 
from its manufacture and utilization to disposal’. The Energy Payback Time (EPBT) is the 
‘operating time taken for an energy system to produce as much useful energy as its 
cumulative energy demand (CED)’. Improvements in production technology are 
expected to lead to a reduced EPBT, particularly for thin-film cells (The German Energy 
Society 2008). 
 
 
Figure 4   Energy input for silicon modules 
Source: Fig. 3 in (Erik A. Alsema 2006) 
Figure 4, from a Life Cycle Assessment, shows the contributions of separate components 
in the production of three types of modules. The Cumulative Energy Demand (CED) is 
shown for each step. The three modules shown in Figure 4 are produced from (from left 
to right) poly-crystalline silicon ribbons, poly-crystalline silicon wafers, and mono-
crystalline silicon wafers (Erik A. Alsema 2006). 
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3  Life Cycle Assessment 
 
Life Cycle Assessment (LCA, also known as Life Cycle Analysis) is a tool for the 
measurement and comparison of environmental impacts caused in the full life-cycle of 
the provision of products (Rebitzer, Ekvall et al. 2004). In LCA, a ‘product’ refers to either 
a good or a service. In the International Organisation for Standardisation (ISO) LCA 
standards, LCA is defined as: ‘the compilation and evaluation of the inputs, outputs and 
the potential environmental impacts of a product system throughout its life cycle’ (ISO 
2006a). 
 
The ‘full life-cycle’ is referred to many times in this paper. The full life-cycle includes all 
of the ‘consecutive and interlinked’ stages of a product system, from the acquiring of 
raw materials to final disposal (ISO 2006a). 
 
Accounting for impacts over the full life-cycle is an important feature of LCA. Limiting an 
assessment of environmental or other impacts to particular life-cycle stages means that 
significant impacts may not be properly accounted for. It may also result in the ‘shifting’ 
of an ‘environmental burden’ (ISO 2006a) to other life-cycle stages for which effective 
accounting and management is not in place. 
 
LCA has an environmental focus. Economic and social impacts are generally not 
accounted for in LCA. However, according to the standards, ‘Other tools may be 
combined with LCA for more extensive assessments’ (ISO 2006a) section 4.1.3.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Figure 5   Stages of an LCA 
Source: Fig. 1 in (ISO 2006a) 
Referring to Figure 5, the first stage of an LCA is the definition of the Goal and Scope. 
The Goal of an LCA includes stating the purpose of the study and the intended audience. 
The Scope includes stating assumptions and limitations, defining the boundary of the 
study, and defining the ‘functional unit’. The functional unit is the ‘quantified 
performance of a product system for use as a reference unit’ (ISO 2006a). This is 
followed by the Inventory Analysis, which involves compiling and quantifying the inputs 
and outputs for a product, for its full life-cycle (ISO 2006a). The optional third stage is 
the Life Cycle Impact Assessment (LCIA). [Note: although the acronym LCIA sometimes 
refers to the Life Cycle Inventory Analysis, it will be used from here on to refer to Life 
Cycle Impact Assessment] LCIA is aimed at evaluating the significance of the 
environmental impacts of a product over its full life-cycle. LCIA is covered in some detail 
Direct applications: 
  Product development 
and improvement 
  Strategic planning 
  Public policy making 
  Marketing 
  Other 
Inventory 
analysis 
Interpretation 
Goal and 
scope 
definition 
Impact 
assessment 
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in Chapter 4. The final stage of the LCA is the Interpretation of the inventory analysis 
and of the impact assessment (if it was performed). An important principle in LCA is 
‘transparency’. LCA is inherently complicated, so transparency helps to ensure a proper 
Interpretation (ISO 2006a). 
 
As with all environmental assessment methods, LCA has a number of limitations: 
  It is costly and time-consuming to perform thorough LCAs. The level of detail in 
an LCA depends on the goal and scope definition and can vary widely, hence the 
timeframes of LCAs vary widely (ISO 2006a) section 4.3 c. 
  There are several types of uncertainty encountered in LCA. Uncertainty analysis 
is used to attempt to quantify this uncertainty (although such analysis is beyond 
the scope of this study). 
  LCA is a ‘relative approach’ which is based around the functional unit. This sets 
LCA apart from a number of other techniques such as Environmental Impact 
Assessment. However, LCA may use information which is collected using other 
techniques (ISO 2006a) Sections 4.1.4, 4.3 h. At the same time, other techniques 
may use information which is collected using LCA. 
  LCA is not able to precisely predict environmental impacts, it can only consider 
potential environmental impacts. According to the standards, this is due to: the 
focus on the functional unit, the ‘integration of environmental data over space 
and time’, the uncertainty inherent in modelling environmental impacts, and the 
fact that some environmental impacts are future impacts and so cannot be 
predicted precisely (ISO 2006a) section 4.3 i. 
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Several LCA software packages are available commercially. SimaPro was developed in 
The Netherlands by Pre Consultants. SimaPro v.7.1 LCA software is explored in Chapter 
6.  Pre’s main LCA software rival is the company PE International from Germany. PE 
International markets ‘GaBi 4’ LCA software. 
 
 
Note: I have encountered some confusion regarding the latest ISO LCA standards
2. 
 
   
                                                           
2 The latest international standards for Life Cycle Assessment were published in 2006. ISO 
14040:2006, together with ISO 14044:2006, ‘cancels and replaces ISO 14040:1997, ISO 
14041:1998, ISO 14042:2000 and ISO 14043:2000, which have been technically revised’ (ISO 
2006a). In practice I have observed that there are very few differences between the new and the 
old versions. The current joint Australian/New Zealand Standards, listed below, are each 
‘identical with and reproduced from’ the ISO standards of the same name listed above: AS/NZS 
ISO 14040:1998, AS/NZS ISO 14041:1999, AS/NZS ISO 14042:2001, AS/NZS ISO 14043:2001. This 
paper makes use of the latest ISO LCA standards: ISO 14040:2006 and ISO 14044:2006.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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4  Life Cycle Impact Assessment 
 
It is not a straightforward process to assess the ecological impacts of a product or 
industrial process. Modern chains of production and industrial processes are very 
complicated. LCA can be used to perform environmental assessment using ecological 
indicators, but ecological damage is difficult to assess because ecosystems are 
themselves complex. Some ‘visibility’ of ecosystem damage can be obtained by 
accounting for several ecological indicators concurrently. Life Cycle Impact Assessment 
is designed to enable such accounting. 
 
Life Cycle Impact Assessment (LCIA) is the ‘phase of life cycle assessment aimed at 
understanding and evaluating the magnitude and significance of the potential 
environmental impacts for a product system throughout the life cycle of the product’ 
(ISO 2006a). LCIA involves linking the inventory data (‘elementary flow or other 
intervention’) with particular categories of environmental impact, by assigning an 
indicator for each category, to try to better understand the impacts (Jolliet, Margni et al. 
2003).   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Figure 6   Concept of category indicators
3 
Referring to ‘Figure 6   Concept of category indicators’:  
  The Life Cycle Inventory Analysis result lists the material and energy ‘flows’ 
crossing the boundary of the system. 
  A category endpoint is an aspect of either ‘the natural environment’, ‘human 
health’, or ‘resources’, which is identified as an issue. 
  A characterisation factor is part of a characterisation model. The 
characterisation factor is used to convert a particular inventory result to the unit 
                                                           
3 Source: Figure 3 in (ISO 2006b)   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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of the category indicator. This allows the calculation of the category indicator 
result. 
  An environmental mechanism is a system which (for a particular impact 
category) links the inventory results to category indicators and endpoints. 
  An ‘impact category’ is a category of environmental issue, such as ‘acidification’. 
  A ‘category indicator’ is the quantifiable means to obtain a measure of an 
impact category. 
Source: (ISO 2006b), Sections 3.24, 3.36, 3.37, 3.39 and 3.40. 
 
After LCI results are assigned to impact categories (‘classification’), and category 
indicator results are calculated (‘characterisation’), a number of optional LCIA elements 
remain. Normalisation involves dividing an indicator result by a reference value. 
Grouping involves organising impact categories into sets, either by sorting or ranking 
them. Ranking introduces ‘value-choices’ to the result. Weighting converts the indicator 
results by applying factors which introduce value-choices. The weighted indicator results 
from different impact categories might then be aggregated to provide a single overall 
score to represent the magnitude of the environmental ‘burden’. Weighting is not 
scientifically-based (ISO 2006b). 
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Limitations of LCIA: 
  As with an entire LCA, LCIA is limited by the definition of the goal and the scope. 
As a result, an LCIA can’t assess all of the environmental impacts of a product. 
  For a variety of reasons, an LCIA can’t always distinguish between the impact 
category results for two different products, based on the related indicator 
results. This can be the result of: limitations with the LCIA model, the choice of 
system boundary, poor inventory data quality, or a number of other reasons. 
  There are no generally accepted methods for linking inventory data with 
potential environmental impacts. A range of models for impact categories are 
under development. 
  It is not appropriate to aggregate LCA results to obtain a ‘single score’: ‘there is 
no scientific basis for reducing LCA results to a single overall score or number, 
since weighting requires value choices’. 
Source: (ISO 2006a) Sections 4.3 l and 5.4.3. 
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4.1  IMPACT 2002+ 
 
IMPACT 2002+ is a LCIA method which uses a so-called ‘combined mid-point/damage’ 
approach. In general, the category indicator ‘can be located at any point on the cause-
effect chain between the LCI results and the category endpoints’  (Jolliet, Margni et al. 
2003). A number of influential LCIA methods in the past (such as ‘CML’) have used mid-
point categories. This means that the modelling is done in the earlier stages of the 
‘impact pathway’ between the inventory results and the endpoints. Other methods 
(such as Eco-indicator 99) are known as damage-oriented methods. These LCIA methods 
attempt to model the chain right up to the end-point, which can result in high 
uncertainties (Jolliet, Margni et al. 2003). The ‘IMPACT 2002+’ LCIA methodology is 
based on a proposal during the ‘definition study’ of the Society of Environmental 
Toxicology and Chemistry/United Nations Environment Programme (SETAC/UNEP) Life 
Cycle Initiative. The proposal was for a method which  combines advantages of midpoint 
and end-point methods (Jolliet, Müller-Wenk et al. 2004). 
 
The four damage categories in IMPACT 2002+ are: 
  human health 
  ecosystem quality 
  climate change 
  resources 
IMPACT 2002+ has fourteen mid-point categories (refer to Figure 7).  Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Figure 7   IMPACT 2002+ Framework 
Source:  Fig. 1 in (Jolliet, Margni et al. 2003) 
 
Table 1   IMPACT 2002+ Summary 
Source:  Table 1 in (Jolliet, Margni et al. 2003)  Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Table 1 lists the number of LCI results covered, the main sources for characterisation 
factors, reference substances, and damage units used in IMPACT 2002+. The sources for 
characterisation factors are: [a] IMPACT 2002 [b] Eco-indicator 99 [c] CML 2002 [d] 
Ecoinvent (Jolliet, Margni et al. 2003). 
 
Table 1 provides a summary of the status of the LCIA method IMPACT 2002+ in the year 
2003. To take an example, the table reveals that for the mid-point category ‘Respiratory 
(inorganics)’: 
  Twelve inventory results were covered in 2003. 
  The main source for the characterisation factors was the Eco-indicator 99 LCIA 
method. 
  The midpoint reference substance is the quantity in kgequivalent of PM2.5 released 
into the air (PM2.5 refers to particulate matter that is 2.5 micrometers or 
smaller in size) (US EPA 2008) 
  The damage category is ‘human health’ and the damage unit is Disability 
Adjusted Life Years (DALYs). 
 
The IMPACT 2002+ LCIA method will be applied to the inventory data of a Silicon PV 
system in the Chapter 6.     Applying an environmental life-cycle approach to a silicon photovoltaic system 
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5  Literature Review – LCA of PV 
 
This review surveys selected Life Cycle Assessments (LCA) of photovoltaic (PV) systems 
and attempts to answer two questions which are closely related to the original research 
questions: 
 
  Do PV systems have significant environmental impacts over their full life-cycles 
relative to other electricity generation options (per unit of electricity 
generated)? 
  Do LCAs of PV systems measure a wide enough range of category indicators to 
meaningfully account for the ecological impacts which they cause over their full 
life-cycles? 
 
5.1  Environmental impacts of PV vs. other electricity generation 
options 
 
It can be shown that widespread use of PV poses significantly lower environmental risks 
than conventional power generation (Markvart 2000). The magnitude of PV’s 
environmental impacts relative to ‘competing’ electricity generation options is 
considered briefly
4  below: 
                                                           
4 The sample of articles here is very limited, and hence does not claim to provide a complete 
overview of the relative environmental merits of these technologies (for example, other LCA 
articles present quite different values for the life-cycle GHG emissions of nuclear power).   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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In a recent article (in press), a range of values were provided for the life cycle CO2 
emissions (gCO2/kWh) for PV and for a range of other electricity sources
5. Full life-cycle 
CO2 emissions for PV were in the range of 53.4-250 gCO2/kWh, coal fired electricity was 
reported as 975.3 gCO2/kWh, oil fired 742.1 gCO2/kWh, gas fired 607.6 gCO2/kWh, and 
nuclear 24.2 gCO2/kWh (Varun 2008). 
 
Another recent article measured the life-cycle atmospheric cadmium (Cd) emissions (in 
g/GWh), for a range of electricity sources (Fthenakis, Kim et al. 2008). Referring to Table 
2 below, PV systems were determined to have lower life-cycle emissions than 
conventional fossil fuels, with the exception of natural gas. The relatively low life-cycle 
atmospheric cadmium emissions resulting from cadmium-telluride (CdTe) PV are a 
counter-intuitive result which was revealed by LCA. 
Electricity generation 
option 
Life-cycle atmospheric 
cadmium emissions 
(g/GWh) 
ribbon Si PV  0.8 
poly-crystalline Si PV  0.9 
mono-crystalline Si PV  0.9 
CdTe PV  0.3 
hard coal  3.1 
lignite  6.2 
natural gas  0.2 
oil  43.3 
nuclear  0.5 
hydro  0.03 
Table 2   Life-cycle atmospheric cadmium emissions for electricity generation 
Source: (Fthenakis, Kim et al. 2008). 
                                                           
5 Varun (2008) refers to ‘CO2equiv’ elsewhere in their article, but for this data they only refer to 
‘CO2’.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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A recent LCA study (in press) by two authors from the previous study claims that ‘the PV 
life cycle of power plants in the U.S. Southwest involves less disturbance of land than do 
conventional and other renewable-fuel cycles’ (Fthenakis and Kim 2008). 
 
Using data from an article by Inhaber (2004), Evans, Strezov et al. (2008) describe how 
wind power required the lowest water consumption of the electricity generation options 
considered (measured in kg/kWh).  Referring to Table 3 below, wind power was 
followed by PV power, which had lower water consumption per unit of electricity 
generated than coal, gas, hydro and geothermal. 
Electricity generation 
option 
Water consumption 
(kg/kWh) 
PV  10 
wind  1 
hydro  36 
geothermal  12-300 
coal  78 
gas  78 
Table 3   Water consumption for electricity generation 
Source: Data from (Inhaber 2004) as described in (Evans, Strezov et al. 2008) 
 
5.2  Accounting for the ecological impacts of PV systems 
The remainder of this review surveys the range of environmental impact categories and 
category indicators which are used in LCAs of PV systems. Table 4 lists selected articles 
from this review.  Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Author  Year  Title  Energy  GHG  Heavy 
Metals 
SO2, 
NOx 
Land-
use 
LCIA methods 
Keoleian, Lewis  1998  Application of Life-cycle Energy 
Analysis to PV Module Design 
√                
IEA  2006  Compared Assessment of 
Selected Environmental 
Indicators of Photovoltaic 
Electricity in OECD Cities 
√  √             
Battisti, Corrado  2005  Evaluation of technical 
improvements of photovoltaic 
systems through LCA 
methodology 
√  √             
Gurzenich, 
Wagner 
2004  Cumulative energy demand and 
cumulative emissions of 
photovoltaics production in 
Europe 
√  √     √       
Fthenakis, Kim, 
Alsema 
2008  Emissions from Photovoltaic 
Life Cycles 
√  √  √  √       
Fthenakis, Kim  in 
press 
Land use and electricity 
generation - a LCA 
            √    
Huijbregts et al  2008  Ecological footprint accounting 
in the life cycle assessment of 
products 
√   √        √    
Mohr et al  2006  Life Cycle Assessment of 
Thinfilm GaAs and GaInP-GaAs 
Solar Modules 
 √   √   √  √       CML baseline 
2000. 
Jungbluth  2005  Life Cycle Assessment of 
Crystalline Photovoltaics in the 
Swiss ecoinvent Database 
 √   √   √  √    √   Eco-indicator 99, 
Ecological Scarcity 
1997, etc. 
Table 4   Ecological indicator types used in selected LCAs of PV systems  Applying an environmental life-cycle approach to a silicon photovoltaic system 
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5.2.1  Energy analysis 
 
Keoleian and Lewis (1998) applied ‘Life Cycle Energy Analysis’ to PV modules. All of the 
performance indicators and environmental indicators which they used were energy 
based. ‘Three metrics – energy payback time, electricity production efficiency, life-cycle 
conversion efficiency – were defined for PV modules with and without balance-of-
system components’ (Keoleian and Lewis 1998). These metrics were calculated by 
developing a detailed model of the energy inputs and outputs of the PV system over its 
lifetime. While the authors only used energy related indicators in their assessment, they 
acknowledged the importance of measuring a wide range of environmental ‘burdens’ 
over the full life-cycle.  The authors claim that: ‘Life-cycle assessment characterizes and 
assesses the total environmental burdens associated with a product system’ (Keoleian 
and Lewis 1998). LCA only has the potential to perform this function if the particular LCA 
is properly configured to do so. It is also interesting to note that there wasn’t a single 
mention of CO2 in this article, published in 1998. 
 
5.2.2  Energy and CO2 
 
A 2006 report published by the International Energy Agency – PV Power Systems 
Programme (IEA PVPS 2006) compared ‘selected environmental indicators’ of PV 
electricity in OECD cities. The selected indicators were standard energy-related and CO2-
related indicators. These included EPBT, ‘Energy Return Factor’ (ERF) - the number of 
times the primary energy consumption is ‘paid back’ by the PV system over its lifetime, 
and the 'Potential for CO2 mitigation' (tCO2/kWp) (IEA PVPS 2006).   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Battisti and Corrado (2005) used the metrics of Cumulative Energy Demand and ‘Global 
Warming Potential’ (kg CO2 equiv) to assess PV systems. Quoting from their study (with 
emphasis added):  ‘the life cycle assessment methodology is applied to derive a 
complete and extended energy and environmental profile of photovoltaic systems’. The 
authors concluded that ‘A complete energy and environmental profile of PV systems was 
obtained’ (emphasis added)  (Battisti and Corrado 2005). The article was published in 
the journal Energy. I would question whether it was appropriate for the authors to make 
such a claim, given the limited range of indicators which they measured in their 
environmental assessment. 
 
Gürzenich and Wagner (2004) assessed a range of grid-connected Si PV systems in 
several European countries. For their selection of indicators, they used cumulative 
energy demand (CED), and calculated the cumulative emissions for each of the 
following: CO2, SO2 and NOx (Gürzenich and Wagner 2004). 
 
5.2.3  Heavy metals 
 
Heavy metal emissions are hazardous to human health and to the environment 
(Fthenakis, Kim et al. 2008). A recent paper titled ‘Emissions from PV Life Cycles’ 
assessed the GHG (gCO2equiv/kWh), SO2 (mg/kWh) and NOx (mg/kWh) emissions over the 
full life-cycles of several different types of PV systems. In addition, the authors assessed 
the direct emissions, and the indirect emissions (which result from energy use) of a 
range of heavy metals over the PV life-cycle (the same article was used for Table 2). The   Applying an environmental life-cycle approach to a silicon photovoltaic system 
Feb.  2009                                                                                                                 Sean Frost 
 
    Page 
28 
 
   
metals were: arsenic, cadmium, chromium, lead, mercury, and nickel (these were 
reported in g/GWh) (Fthenakis, Kim et al. 2008). Referring to GHG, SO2, NOx and the 
heavy metals listed above, the authors state that ‘these emissions comprise the main 
hazards to the environment and human health during the PV life-cycle’ (Fthenakis, Kim 
et al. 2008). 
 
5.2.4  Land-use indicators 
 
‘Land transformation’ is an environmental impact category which is generally not 
included in PV LCAs. Referring below to the study mentioned earlier (Fthenakis and Kim 
2008) in which the life-cycle of a PV system involved less land disturbance than other 
electricity sources. Life-cycle land use metrics consist of ‘Land Transformation’ (unit: 
m
2): ‘the area of land altered from a reference state’, and ‘Land Occupation’ (unit: 
m
2.year): ‘the area of land occupied and the duration of the occupation’ (Fthenakis and 
Kim 2008).  To compare the relative ‘land-use’ impacts of electricity generation options, 
land transformation is expressed in the units of m
2/GWh. For poly-crystalline PV 
systems, in three different scenarios, the land transformation ranged from 164 m
2/GWh 
to 438 m
2/GWh. As this area is still under development, the authors relied on a recent 
study (Koellner and Scholz 2008) which aims to provide a useful methodological 
framework to assess ‘land occupation’ and ‘land transformation’. The authors (Fthenakis 
and Kim 2008) also used the Ecoinvent database which includes land transformation and 
occupation factors. 
   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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An alternative methodology incorporating land-use is the ‘ecological footprint’. It uses 
the unit m
2.year and attempts to quantify the impact of human activities on ‘natural 
capital’
6 in terms of the ‘bio-productive’ area which is required to support current 
consumption levels (Huijbregts, Hellweg et al. 2008). A recent study titled ‘Ecological 
footprint accounting in the life cycle assessment of products’ concluded that the 
ecological footprint provides a better measure of ‘environmental pressure’ than non-
renewable cumulative energy demand (CED). It also concluded that both the use of land 
and the use of fossil fuels are significant contributors to overall environmental impacts. 
This study also made use of the Ecoinvent database. 
 
The same lead author was responsible for a study which considered the value of ‘fossil 
cumulative energy demand’ (CED) as a screening indicator for the environmental 
performance of products and processes. The study was based on a regression analysis 
between environmental impacts over the full life-cycle, and fossil CED data, for 1218 
product systems.  The study showed that CED correlates well with most impact 
categories, including global warming.  However, the study concluded that ‘land use 
should be used as a separate indicator for environmental performance, next to fossil 
CED’ (Huijbregts Mark A. J. 2006). 
 
A recent study applied the ecological footprint approach to estimate the ‘per-capita 
solar electric footprint’ if US citizens were to supply all of their electricity from PV, using 
existing technology. The study assumes that long-term and seasonal energy storage is 
available (which is an unrealistic assumption at present). The resulting average area per 
                                                           
6 ‘Natural capital’ comprises ‘natural resource stocks, land and ecosystems’ (United Nations 
Division for Sustainable Development 2003).   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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person to meet the 2005 electricity demand by solar electricity was calculated to be 
181m
2 per person (Denholm and Margolis 2008). Multiplying the area per person by the 
US population figure at that time: 
181 (?2/?𝑒????) ∗ 300 ∗ 106 ?𝑒???𝑒 =  5.43 ∗ 1010 ?2 
= 5.43 ∗ 104 ??2 = 233 ?? ∗ 233 ??  
Thus, according to their estimate for a ‘per-capita solar electric footprint’ for the US, to 
supply electricity to the entire US population would require an area of 233km * 233km
7. 
 
5.2.5  Multiple indicators 
 
A recent paper (Mohr, Schermer et al. 2007) from the Netherlands, provides an example 
of a well-written PV LCA report which includes a fairly thorough environmental 
assessment. Mohr et al. compared thin-film GaAs, GaInP/GaAs and poly-crystalline 
silicon PV modules, using the inventory database Ecoinvent. They used the ‘CML 
baseline 2000’ LCIA method, which covers many of the same environmental impacts as 
the IMPACT 2002+ method. As a result, their LCA was able to cover a fairly wide range of 
ecological impact categories. The paper has a well written Interpretation section. For 
example, the interpretation section describes the process of collecting inventory data 
for the production phase for the GaAs wafer. Utilisation data for substances and energy 
was not available, so ‘the use of estimates was inevitable’. ‘Estimations were based on 
chemical relationships and similar data in the literature’ (Mohr, Schermer et al. 2007). It 
is important that LCA practitioners make such information available when publishing the 
results of LCAs, as described in the ISO LCA standards (ISO 2006a; ISO 2006b). 
                                                           
7 Fortunately there are a lot of rooftops that might be used for PV systems.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Jungbluth (2005) performed an unusually thorough environmental assessment of a set 
of Si PV systems, described in the paper: ‘Life Cycle Assessment of Crystalline 
Photovoltaics in the Swiss ecoinvent Database’. The study was based on a number of 
3kWp PV systems, which were installed in Switzerland in 2000. Data from these systems 
was later imported into the Ecoinvent database, and the same data is used in Chapter 6 
of this dissertation. An example of one of these systems is a 3kWp poly-crystalline Si-PV 
system, of ‘panel’ type, installed on a slanted roof. This system is the subject of Figure 8
8 
and Figure 9. Refer to Table 5 for key parameters of the system. 
 
 
                                                           
8 In Figure 8, BOD refers to Biological Oxygen Demand   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Figure 8   Process stages for multiple impact categories for a 3kWp pc-Si PV system
9 
 
 
 
Figure 9   Process stages for a range of LCIA methods for a 3kWp pc-Si PV system
10
                                                           
9 Source: Fig. 3 in (Jungbluth 2005) 
10 Source: Fig. 4 in (Jungbluth 2005)   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Both Figure 8 and Figure 9 use the inventory data of the 3kWp pc-Si PV slanted roof panel system 
which is examined in Chapter 6. Figure 8 shows the impact of various process stages for the impact 
category ‘land occupation’ and for a range of ‘elementary flows’. Figure 9 shows the ease with which 
a range of different LCIA methods can be applied to the same inventory data. It also shows that there 
is significant variation between LCIA methods. 
 
Jungbluth (2005) considered a wide range of ecological indicators and showcased the use of the 
Swiss Ecoinvent database. The article noted that in comparing PV systems and conventional power 
plants, the choice of environmental indicators has a significant bearing on the outcome. The article 
also analysed uncertainties associated with the data (however that analysis is beyond the scope of 
this review). 
 
5.3  Literature Review Summary 
 
  LCAs comparing PV and conventional electricity sources show that (for a range of important 
environmental impacts) PV systems generally have lower life-cycle environmental impacts 
than conventional sources (per unit of electricity generated). 
 
  Many LCAs of PV systems only consider a narrow range of indicators of environmental 
impact. This is of course due to the practical necessity that studies be time and cost-
effective. However, bearing that in mind, there also appears to be a lack of awareness of the 
need to consider a wide range of ecological indicators to more meaningfully assess the range 
of full life-cycle environmental impacts of products such as PV systems. For example, an 
assessment measuring only GHG emissions and embodied energy should not be described as   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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a ‘complete environmental assessment’. A failure to use careful language and transparent 
accounting in LCAs (as prescribed in the LCA standards) has the potential to undermine their 
effectiveness as environmental assessments. 
 
  The most popular indicators observed in this review were measures of energy (‘energy pay-
back time’ EPBT, and the related measure ‘cumulative energy demand’ CED). These 
indicators are correlated with many important environmental impacts. Greenhouse gas 
(GHG) accounting is also important. Studies show that GHG emissions correlate well with 
‘fossil energy’ consumption. For a more thorough environmental assessment, while using a 
minimum number of indicators, ‘land use’, alongside the above indicators, might be 
recommended. However, the use of this limited set of environmental indicators is not 
necessarily sufficient to account for significant environmental impacts. 
 
  A general trend was tentatively observed in LCAs of PV systems reported in journal articles 
during the past decade, towards accounting for a wider range of environmental impacts over 
time. During the same period, an increase in the quantity of published LCAs of PV systems 
was tentatively observed in the literature. However, neither of these trends were formally 
analysed and no conclusions will be drawn based on these observations. 
 
     Applying an environmental life-cycle approach to a silicon photovoltaic system 
Feb.  2009                                                                                                                 Sean Frost 
 
    Page 
35 
 
   
6  Demonstration 
 
6.1  Aim 
 
 
Aim:     To determine whether Life Cycle Assessment (LCA) can confirm if a photovoltaic (PV) system
11 
is ‘environmentally sound’. 
 
LCA software and two Life Cycle Impact Assessment (LCIA) methods were used to attempt to answer 
the following questions which are closely related to the original research questions: 
  Can commercially available LCA software and LCIA methods be used to calculate the impacts 
for a wide range of environmental impact categories over the full life-cycle of a PV system? 
  Can commercially available LCA software and LCIA methods demonstrate whether PV 
systems result in significant environmental impacts over their full life-cycles? 
 
The LCA software used in the demonstration was SimaPro v7.1
12. The two LCIA methods used were 
‘IMPACT 2002+ v2.03’ and ‘EPD2007 (draft) v1.00’. 
   
                                                           
11 The general nature of this exploration of some of the fundamental limitations of LCA means that the results 
are likely to be applicable to LCA of other electricity generation options, and to LCA of other products and 
industrial processes. 
12 Acknowledgements: I am grateful to GHD for providing me with access to SimaPro v7.1 LCA software. I was 
also fortunate to have been sent by GHD to attend a training course in LCA methodology and in the use of 
SimaPro. I am grateful to Dr Christopher Lund for his part in introducing my colleagues and I to LCA as part of 
an Energy Studies unit in the School of Engineering and Energy at Murdoch University.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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6.2  Background and method 
 
 
Having gone to some trouble to find suitable Life Cycle Inventory data for a PV system, I learned that 
suitable data was already available in the Ecoinvent v2.0 database. I had access to Ecoinvent through 
a SimaPro license, owned by GHD. By accessing the previously stored Ecoinvent data, it was not 
necessary to perform any data entry (I had been warned that LCA was difficult, and had anticipated 
that at the very least it would be necessary to perform a large amount of laborious data entry). 
 
On starting the SimaPro software, the user can choose to start a new Project or to open a previous 
Project. The ‘LCA Explorer’ window allows the user to navigate within SimaPro. Within the explorer, 
under the Libraries heading, the user is able to choose from a range of life cycle inventory databases. 
This list
13 includes ‘Ecoinvent unit processes
14’ and ‘Ecoinvent system processes’. For the 
demonstration that follows, a system process for the PV system under study was accessed from the 
Ecoinvent system processes library
15. Under the Processes heading in the LCA Explorer, the user can 
navigate to Energy, and to the Ecoinvent data for the PV system used here. 
 
The key parameters for the system under study are listed in Table 5
16 under the heading  ‘pc-Si’ (poly-
crystalline Silicon) (Jungbluth 2005)
17. 
                                                           
13 The Libraries list also includes Australian data with unit process inventories for a range of projects. The 
Australian database was developed by the Centre for Design at RMIT. 
14 A unit process describes a single step of the process which is represented by the data. The unit process will 
have inputs and outputs corresponding to material and energy flows, and it can be linked together with other 
unit processes. A system process is composed of unit processes, and might comprise the data for an entire 
product (such as for the PV system under study). 
15 For the purposes of this study it was deemed unnecessary to go to the level of detail of specific unit 
processes. 
16 The source for Table 5 was Table IV in (Jungbluth 2005).   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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The Ecoinvent inventory data for the PV system incorporates its full life-cycle. According to Jungbluth 
(2005): ‘The process data include quartz reduction, silicon purification, wafer, panel and laminate 
production, mounting structure, 30 years operation and dismantling’ (Jungbluth 2005). The quantity 
of PV electricity which is assessed throughout this chapter is 1kWh. The full life-cycle environmental  
impacts which are calculated based on the generation of 1kWh of electricity from a 3kWp pc-Si PV 
system are determined as a proportion of the total calculated output of the system in its 30 year 
lifespan.
                                                                                                                                                                                     
17 The same PV system is also featured in Figure 8 and Figure 9, also  from (Jungbluth 2005).   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Table 5   Key parameters of the PV systems in the inventory data  Applying an environmental life-cycle approach to a silicon photovoltaic system 
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6.3  IMPACT 2002+ results 
 
The LCIA method ‘IMPACT 2002+ v2.03’ was applied using SimaPro LCA software to the 
Ecoinvent inventory data for a ‘pc-Si’ PV system (the key parameters of the PV system 
were detailed in Table 5). The Swiss inventory data was provided for the Ecoinvent 
database by Jungbluth (Jungbluth 2005). 
 
Table 6 summarises the data from an assessment of the impact of supplying 1kWh of 
electricity using a 3kWp pc-Si PV system. 
 
The data in Table 6 was exported from SimaPro as Excel files, in several batches, and 
then later combined to form the table. The separate batches corresponded to the 
following five stages from the IMPACT 2002+ LCIA:  Characterisation, Damage 
assessment, Normalisation, Weighting and Damage categories. 
 
IMPACT 2002+ displays an impressive range of impact categories. The damage 
categories include a number which apply to ‘human health’, a number which apply to 
‘ecosystem quality’, a climate change category, and a resources category which 
considers the quantity of non-renewable energy, and mineral extraction. There is even a 
‘Land occupation’ impact category. 
 
     Applying an environmental life-cycle approach to a silicon photovoltaic system 
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SimaPro 7.1 Impact assessment
Title:  Analysing 1 kWh 'Electricity, photovoltaic, at 3kWp slanted-roof , pc-Si, panel, mounted/CH S'
Method:  IMPACT 2002+ V2.03 /  IMPACT 2002+
Impact category
Carcinogens 0.00107 kg C2H3Cl 2.991E-09 DALY 4.217E-07 4.217E-07 Pt
Non-Carcinogens 0.00182 kg C2H3Cl 5.097E-09 DALY 7.187E-07 7.187E-07 Pt
Respiratory inorganics 5.746E-05 kg PM2.5 4.022E-08 DALY 5.672E-06 5.672E-06 Pt
Ionizing radiation 1.738 Bq C-14 3.649E-10 DALY 5.145E-08 5.145E-08 Pt
Ozone layer depletion 7.946E-09 kg CFC-11 8.344E-12 DALY 1.176E-09 1.176E-09 Pt
Respiratory organics 2.350E-05 kg ethylene 5.006E-11 DALY 7.059E-09 7.059E-09 Pt
Aquatic ecotoxicity 7.846 kg TEG water 0.000394 PDF*m2*yr 2.875E-08 2.875E-08 Pt
Terrestrial ecotoxicity 1.402 kg TEG soil 0.0111 PDF*m2*yr 8.094E-07 8.094E-07 Pt
Terrestrial acid/nutri 0.00150 kg SO2 0.00156 PDF*m2*yr 1.140E-07 1.140E-07 Pt
Land occupation 0.000565 m2org.arable 0.000616 PDF*m2*yr 4.494E-08 4.494E-08 Pt
Aquatic acidification 0.000334 kg SO2 - - - Pt
Aquatic eutrophication 1.161E-05 kg PO4 P-lim - - - Pt
Global warming 0.0586 kg CO2 0.0586 kg CO2 5.921E-06 5.921E-06 Pt
Climate 
Change 5.921E-06 Pt
Non-renewable energy 1.086 MJ primary 1.086 MJ primary 7.149E-06 7.149E-06 Pt
Mineral extraction 0.00442 MJ surplus 0.00442 MJ primary 2.911E-08 2.911E-08 Pt
2.097E-05 Pt (Total) 2.097E-05 Pt (Total)
Ecosystem 
Quality 9.971E-07 Pt
Resources 7.178E-06 Pt
Human 
Health 6.872E-06 Pt
Characterisation Damage assessment Normalisation Weighting Damage categories
 
Table 6   Assessing 1kWh from a 3kWp pc-Si PV system with ‘IMPACT 2002+’  Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Figure 10   1kWh from a 3kWp pc-Si PV system: ‘IMPACT 2002+’ (with weighting)
Analyzing 1 kWh 'Electricity, photovoltaic, at 3kWp slanted-roof , pc-Si, panel, mounted/CH S';  Method: IMPACT 2002+ V2.03 /  IMPACT 2002+ / weighting
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Figure 11   1kWh, 3kWp pc-Si PV system: ‘IMPACT 2002+’ Single score (with weighting)
Analyzing 1 kWh 'Electricity, photovoltaic, at 3kWp slanted-roof , pc-Si, panel, mounted/CH S';  Method: IMPACT 2002+ V2.03 /  IMPACT 2002+ / single score
Carcinogens Non-Carcinogens Respiratory inorganics Ionizing radiation Ozone layer depletion Respiratory organics
Aquatic ecotoxicity Terrestrial ecotoxicity Terrestrial acid/nutri Land occupation Aquatic acidification Aquatic eutrophication
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The data in the characterisation column in Table 6 provides the calculated values of the 
category indicators for each of the environmental impact categories
18. In addition, the 
inventory data for each of the PV systems is available in its entirety in the Ecoinvent 
database. 
 
To determine the level of environmental impact for a particular impact category, it is 
necessary to obtain the value of the category indicator (which is generated at the 
‘characterisation’ stage). It can be seen from Table 6 that the impact category ‘Non-
renewable energy’ shows a value for the category indicator of ‘1.086 MJ primary’. By 
converting this quantity to the unit of kWh, we are able to compare its magnitude with 
that of a quantity of 1 kWh of PV electricity (which is the subject of this assessment) 
Since 1 ?𝑊ℎ = 3.6 𝑀𝐽, 
Then 1.086 𝑀𝐽 =  
1.086
3.6  ?𝑊ℎ = 0.302 ?𝑊ℎ  
Hence, according to the data: 0.302 kWh of primary non-renewable energy is required 
to generate 1kWh of electricity from this 3kWp pc-Si PV system in Swiss conditions. 
 
Figure 10 was exported directly from SimaPro. It assesses the same system, with the 
same LCIA method as described above, but with weighting applied (refer to ‘Weighting’ 
column in Table 6). The quantities after weighting are expressed in the unit ‘Pt’. The use 
of weighting introduces value-choices into the assessment of environmental impacts. 
                                                           
18 The two impact categories ‘aquatic acidification’ and ‘aquatic eutrophication’ are still under 
development (Jolliet, Margni et al. 2003). Although the ‘characterisation’ column shows the 
calculated category indicator quantities, there is no corresponding damage assessment data for 
these two impact categories.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Figure 10 shows that according to the ‘values’ of the designers of the IMPACT 2002+ 
LCIA method, the three most significant environmental impact categories for this PV 
system were calculated to be: 
1.  Consumption of ‘Non-renewable energy’ 
2.  Contribution to ‘Global warming’ 
3.  Emissions of ‘Respiratory inorganics’ 
 
Taking values from the weighting column in Table 6: 
Non-renewable energy =  7.149 ∗ 10−6Pt 
Global warming =  5.921 ∗ 10−6Pt 
Land occupation = 4.494 ∗ 10−8Pt 
This data shows that (according to the subjective value-system which is being applied) 
the contributions of the ‘Non-renewable energy’ impact category and the ‘Global 
warming’ impact category are of similar magnitude. The ‘Land occupation’ impact 
category contribution is calculated to result in an environmental impact which is 159 
times less than the ‘Non-renewable energy’ impact category contribution, since 
(7.149 ∗ 10−6/4.494∗ 10−8)  = 159.1 
 
Figure 11 was exported directly from SimaPro. It shows the ‘single score’ result of the 
IMPACT 2002+ LCIA method, which combines the result for each of the weighted impact 
categories into a single score. The single score value for the environmental impact of 
supplying 1kWh of electricity using a 3kWp pc-Si PV system was determined to be 20.97   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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𝜇𝑃?. We should recall at this point that according to the LCA standard: ‘there is no 
scientific basis for reducing LCA results to a single overall score or number, since 
weighting requires value choices’ (ISO 2006a) Section 4.3 l. 
 
Summarising the IMPACT 2002+ results: 
  The IMPACT 2002+ LCIA method allows us to account for a relatively wide range 
of environmental impact categories over the full life-cycle of a PV system. 
  We can’t determine the significance of the environmental impacts based only on 
the measured magnitudes of the category indicators. However, we do know that 
measuring the category indicators is important because it is necessary to do this 
to allow for the significance of the impact levels to be interpreted later, or for 
any later environmental assessment involving the same impacts. 
  Introducing weighting and aggregation may help us to assign meaning to the 
measured values of the category indicators in LCA. However, care must be taken 
in interpreting the meaning of these results because weighted and aggregated 
results incorporate value choices, and are not strictly scientifically valid. 
 
     Applying an environmental life-cycle approach to a silicon photovoltaic system 
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6.4  EPD2007 results 
 
Background: 
  The LCIA method ‘EPD 2007 (draft version) v1.00’ was designed to create 
Environmental Product Declarations (EPDs). The EPD results are compatible with 
those published on the website of the Swedish Environmental Management 
Council (SEMC). 
  All of the impact categories in EPD2007, except for Gross Calorific Value are 
taken directly from ‘CML 2 baseline 2000’, which is a mid-point LCIA method. 
  It has been shown that we should avoid aggregated and weighted results if we 
wish to maintain objectivity in our results. EPD 2007 does not perform weighting 
or aggregation (Goedkoop, Oele et al. 2008). 
 
Using SimaPro LCA software, EPD2007 was applied to all four of the 3kWp Si PV systems 
detailed in Table 5: ‘mc-Si’, ‘pc-Si’, ‘mc-Si future’, and ‘pc-Si future’. Table 7 shows the 
calculated values of the category indicators resulting from the supply of 1kWh of 
electricity by each of four systems. As was the case with the IMPACT  2002+ results, the 
inventory data for this section was sourced from the Ecoinvent database, and was 
generated by Jungbluth (Jungbluth 2005). It is appropriate to perform such a 
comparison for the four systems, as the inventory data was produced within the context 
of the same LCA study and was intended for comparison. 
   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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The data in Table 7 was exported from SimaPro as a single Excel file. The four columns 
labelled ‘Normalised’ were added later (based on my calculations in Excel, in which the 
values for each impact category were normalised) and correspond to the data plotted in 
Figure 12. Figure 12 was exported directly from SimaPro with no significant 
modifications. 
 
The results are shown in Table 7 and in Figure 12 demonstrate the usefulness of LCA 
software for comparing products and industrial processes in terms of the calculated 
relative magnitudes of particular impact categories. However, they are fairly limited as a 
means of selecting between options.  Applying an environmental life-cycle approach to a silicon photovoltaic system 
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SimaPro 7.1 Impact assessment
Title:  Comparison
Method:  EPD 2007 (draft version) V1.00
Characterisation Normalised Characterisation Normalised Characterisation Normalised Characterisation Normalised
Impact category Unit
Electricity, 
photovoltaic, at 
3kWp slanted-roof , 
mc-Si, panel, 
mounted/CH S (%)
Electricity, 
photovoltaic, at 
3kWp slanted-roof , 
pc-Si, panel, 
mounted/CH S (%)
Electricity, 
photovoltaic, at 
3kWp slanted-roof , 
pc-Si, future/CH S (%)
Electricity, 
photovoltaic, at 
3kWp slanted-roof , 
mc-Si, future/CH S (%)
global warming (GWP100) kg CO2 eq 0.0734 100.00 0.0604 82.27 0.0399 54.33 0.0470 64.09
ozone layer depletion (ODP) kg CFC-11 eq 7.852E-09 100.00 7.494E-09 95.44 3.386E-09 43.12 3.610E-09 45.98
photochemical oxidation kg C2H4 3.331E-05 100.00 2.969E-05 89.14 2.554E-05 76.68 2.635E-05 79.10
acidification kg SO2 eq 0.000367 100.00 0.000313 85.18 0.000282 76.90 0.000301 81.91
eutrophication kg PO4--- eq 0.000174 97.67 0.000178 100.00 0.000166 93.33 0.000159 89.49
non renewable, fossil MJ-Eq 1.300 100.00 1.044 80.32 0.688 52.89 0.831 63.92  
Table 7   Assessing 1kWh from a 3kWp pc-Si PV system with ‘EPD 2007’   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Figure 12   Comparing four PV systems producing 1kWh: ‘EPD 2007’ (normalised)  Applying an environmental life-cycle approach to a silicon photovoltaic system 
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According to (Jungbluth 2005), the ‘future’ system is a scenario of a future production 
technology ‘that might be applied until 2010’. I am unsure of the author’s exact 
meaning. Perhaps the future production technology will be applied in 2010, or perhaps 
after 2010? In any case, the two ‘future’ systems are mounted on laminate and are 
integrated into slanted roofs. The two ‘non-future’ systems are described as panels 
mounted on top of houses. The ‘future’ scenario involves a ‘reduction of energy 
consumption in different stages’ (refer to Table 5 for details) and is based on ‘minimum 
figures critically evaluated from the literature’ (Jungbluth 2005). 
 
It can be seen from Figure 12 that for each of the six impact categories (with the 
exception of eutrophication), and for the case of both ‘non-future’ and ‘future’ systems, 
the poly-crystalline Si PV system has lower calculated environmental impacts than the 
mono-crystalline version. It is also apparent that for every impact category, both the pc-
Si ‘future’ and mc-Si ‘future’ systems have lower calculated impacts than both the ‘non-
future’ pc-Si and ‘non-future’ mc-Si systems. This information is of limited value until the 
relative significance of each environmental impact category is decided upon (note that 
that step has been deliberately avoided for the EPD2007 results). However, the category 
indicator results which have been obtained are valuable, because they are necessary for 
a similar future environmental assessment of these PV systems which uses the same 
environmental impact categories. 
 
As with the example of the previous LCIA method ‘IMPACT 2002+’, it is noted that Table 
7 and Figure 12 provide no clear interpretation of the significance of the absolute level 
of the environmental impacts which result over the full life-cycles of the four systems.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Once again, the inventory data for each of the four systems is available in its entirety in 
the Ecoinvent database. 
 
EPD2007 covers a broad range of environmental impact categories, however it does not 
include a ‘land-use’ category. IMPACT 2002+ included a ‘land use’ category. 
 
Summarising the EPD2007 results: 
  Different LCIAs can easily be implemented using the same inventory data, using 
LCA software. 
  Different LCIA methods are suited to different purposes and some are more 
limited than others in the range of environmental impact categories which they 
encompass. 
  The EPD2007 results showed the difficulty in interpreting the significance of the 
measured impacts while comparing PV systems using LCA (bearing in mind that 
we didn’t apply weighting or aggregation of impact categories, but did apply 
normalisation). Which PV system was the most environmentally friendly overall, 
and by what margin? That depends on which environmental impact categories 
we assign the most importance to (however, assigning weighting to the impact 
categories would reduce the scientific validity). 
 
     Applying an environmental life-cycle approach to a silicon photovoltaic system 
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6.5  Assumptions and limitations 
 
 
This study relied on externally generated LCI data and LCIA methods. It was necessary to 
make a large number of assumptions. If this study had been a full LCA, the transparency 
requirements of the LCA methodology would recommend a thorough disclosure of the 
assumptions and limitations of this process. As this was not a full LCA, some of the 
standard elements of an LCA were not employed, and the disclosure of assumptions and 
limitations below is limited to items relevant to the goals and scope of this study. 
 
It was convenient to assume that the Ecoinvent LCI results generated by Jungbluth were 
accurate. It was assumed that the appropriate LCI results were generated when the LCA 
software was used to ‘source’ 1kWh of electricity from the PV system modelled in the 
Ecoinvent ‘system process’ of Jungbluth’s 3kWp pc-Si PV system. The material and 
energy flows resulting from the production of 1kWh of PV generated electricity 
correspond to a small fraction of the total material and energy flows generated over the 
full thirty year life-cycle of the 3kWp pc-Si PV system. A whole set of assumptions are 
implicit in the choice of a thirty year lifespan for the PV system, and this choice 
significantly affects the inventory results. 
 
As described below, the inventory results were actually less reliable than this author had 
originally realised. Jungbluth (2005) reports that for some production stages data was 
only available for either pc-Si or mc-Si cells, but not for both (eg. ‘NOx emissions during 
wafer sawing and etching’). Jungbluth noted that much of the emission data in the LCI   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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was based on information from only one source, and recommended that it be verified 
with other data from other production facilities. When data was combined from several 
information sources, there was sometimes significant variation between sources. Many 
of the production processes for PV production were reported as being ‘still under 
development’, making those results less reliable. According to Jungbluth, the LCI data 
was representative of Swiss PV systems in the year 2000. In summarising his own 
assessment Jungbluth reported that his ‘conclusions are valid only for the Swiss 
situation’ (Jungbluth 2005). 
 
Assuming that the LCI results calculated using the Ecoinvent LCI database are 
reasonable, we must assume that the selection of impact categories which are available 
in our LCIA method are appropriate to model significant instances of environmental 
damage and resource consumption and depletion. In addition, we must assume that the 
category indicator assigned to each impact category is appropriate for that impact 
category, and that the characterisation factors generate realistic values in the category 
indicators, based on the LCI results. 
 
It should be noted that the range of environmental impact categories explored in this 
study allows for only a very limited picture. An environmental assessment will generally 
focus on those impact categories which can be readily quantified. Many important 
properties of products and industrial processes can’t be easily quantified, such as the 
‘resilience’ of certain types of energy infrastructure. It also goes without saying that 
numerous important real-world considerations fall outside of the scope of LCA, such as 
political considerations, social, aesthetic,  financial, etc.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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6.6  Conclusions following the Demonstration 
 
  Using LCA alone, this author was unable to determine whether the PV system 
was ‘environmentally sound’. This was due to the fact that this author does not 
have the expertise to interpret the significance of the environmental impacts 
which must be inferred from the magnitude of each category indicator. In 
addition, no external framework was applied to define the significance of the 
magnitude of each of the measured category indicators. An Emissions Trading 
Scheme is a proposed external framework which would theoretically eventually 
provide for the determination of the significance of one of the measured 
category indicators: CO2equiv. 
  Commercially available LCA software and LCIA methods can account for a wide 
range of environmental impact categories over the full life-cycle of a PV system. 
This helps to make the LCA methodology more accessible. 
  While it is a fairly straightforward process to produce colourful and impressive 
plots with SimaPro software, the urge must be resisted to assign too much 
validity to plots such as Figure 11 (which is based on subjectively ‘weighted’ 
data). That is not to say that Figure 11 has no value, but that its meaning must 
be carefully interpreted. However, the original inventory data is available in 
Ecoinvent, and that data (in addition to the characterisation data from this 
chapter) could be useful to those who are in a better position to interpret its 
significance. 
  It was shown (refer to Table 7 and Figure 12) that it is a straightforward process 
to obtain a comparison of the relative environmental impacts of different 
products using LCA software and LCIA methods (assuming that you have the 
necessary LCI data to compare). However, this is a very different thing to   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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determining the significance of the absolute levels of the environmental impacts 
of those products. For example, we can see which PV system was calculated to 
have the lowest impact in the acidification impact category, but this does not 
help us to understand the significance of the ecological damage resulting from 
that level of acidification. 
  This demonstration relied on the use of Swiss LCI data, and two ‘off the shelf’ 
LCIA methods accessed via a Dutch LCA software package. It also relied on 
previously determined characterisation factors (these factors are used to 
calculate the category indicator values from the inventory quantities). Hence, 
neither the data, nor the tools, were produced in Australia (and comparable 
Australian versions are not currently available as far as this author is aware).   Applying an environmental life-cycle approach to a silicon photovoltaic system 
Feb.  2009                                                                                                                 Sean Frost 
 
    Page 
56 
 
   
7  Sustainability 
 
Sustainable development has been defined as ‘development that meets the needs of 
current generations without compromising the ability of future generations to meet 
their needs and aspirations’ (United Nations World Commission on Environment and 
Development 1987). ‘Sustainable development’ has also been described as the path 
which is taken towards achieving sustainability. ‘Sustainability’ might be thought of as 
the destination  (Harding 2006). In this chapter, environmental accounting and LCA are 
explored as tools towards achieving an aspirational goal of sustainability. 
 
7.1  Sustainability principles 
 
This section describes a few commonly stated sustainability principles and briefly 
considers their relevance in environmental accounting. 
 
7.1.1  Intergenerational equity 
 
According to the principle of intergenerational equity, the current generation should 
work towards maintaining or improving the health, productivity and diversity of the 
environment for the well-being of future generations (Harding 2006). Clearly this 
principle requires us to take a long-term perspective and we could envisage that full life-
cycle environmental accounting is likely to promote intergenerational equity. 
   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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7.1.2  Precautionary Principle  
 
The precautionary principle states that ‘where the environmental risks being run by 
regulatory inaction are in some way (a) uncertain but (b) non-negligible, regulatory 
action is justified’ (Tickner 2004). Common descriptions of the precautionary principle 
focus on anticipatory action when harm is suspected, rather than on developing 
strategies to prevent harm in the first place. The original spirit of the ‘precautionary 
principle’ (or ‘Vorsorgeprinzip’, from its originators in Germany) involves proactive 
forward planning for sustainability (Tickner 2004). Common-sense suggests that 
environmental accounting is generally compatible with precautionary approaches. 
However, Tukker (2002) asserts that current LCA methods are only partially aligned with 
the precautionary principle. He cautions that scientific tools can contain more value 
choices than we realise. When cause and effect relationships can’t be conclusively 
established, Tukker points out that the LCA community resorts to probabilistic 
approaches. Whereas the precautionary principle employs a ‘weight of evidence’ which 
includes ‘suspicions and circumstantial evidence’ when assessments are needed (Tukker 
2002). 
 
7.1.3  Conservation of biological diversity and ecological integrity 
 
Australia is the only developed nation to be classed as one of the twelve ‘megadiverse’ 
regions of the world, and Australia has a poor record for biodiversity conservation 
(Harding 2006). As a wealthy nation, Harding suggests that Australia has a special 
responsibility to conserve its biodiversity for the benefit of the world. In the context of   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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our ‘sustainability’ aspirations, it would be hoped that an increased use of LCA in the 
energy sector would promote ecologically-sound decision making. 
 
7.1.4  Intragenerational equity 
 
Intragenerational equity is a sustainability principle concerned with equity (though not 
necessarily equality) within a single generation (Harding 2006). Poorer members of the 
global community are often more seriously affected by environmental problems. 
Widespread poverty can result in poor environmental management. In addition, 
environmental management delivered without appropriate social consideration, might 
lead to more severe inequities. Harding believes that equity should be seen as an 
important consideration in efforts to develop better environmental management. He is 
concerned that market ‘solutions’ (possibly relying on LCA-related environmental 
accounting) might lead to ‘efficiency at the expense of equity’ (Harding 2006). 
 
It would be hoped that an increase in the transparency of reporting of resource 
consumption, emissions and other environmental impacts, resulting from the adoption 
of methodologies such as LCA, would have the potential to lead to improved 
environmental management. We might envisage a (perhaps unlikely) scenario, where an 
increased awareness of environmental impacts coupled with healthy democratic 
processes leads to greater accountability and increased intragenerational equity. 
 
   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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7.1.5  Holistic perspective 
 
It is tempting to use aggregate ‘single score’ indicators, such as IMPACT 2002+ ‘single 
score’, to assign value to a diverse range of indicators at one time. As has been 
discussed, one problem is that the ‘weighting’ step introduces an element of subjectivity 
into the process (although it is also true that in some cases aggregate environmental 
indicators are useful). An advocate of the ‘ecological footprint’ (an aggregate measure) 
warns that ‘Aggregate results used in isolation can create an overly simplistic view of 
complex systems and give the impression that improvements in one area always 
compensate for deteriorations in others’ (Huijbregts, Hellweg et al. 2008). 
 
Gasparatos et al. (in press) argue against a reductionist approach for measuring 
sustainable development performance. They believe that it is a very difficult task to 
assess the progress towards sustainability in a holistic way, using a single indicator, and 
conclude that it is currently not possible to do so. They state that attempts to do so are 
likely to ‘send misleading policy messages’. As a result, they advocate ‘methodological 
pluralism’ and stakeholder participation (Gasparatos, El-Haram et al. 2008). 
 
It can be tempting to imagine that the LCA methodology, and associated LCIA methods, 
could be used to account for social impacts in the same way that they are used to 
account for environmental impacts. Apparently this is actually far from being a 
straightforward proposition. A recent article by Weidema discusses some developments 
towards accounting for social impacts with LCA (Weidema 2007). 
   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Kloepffer (2008) is keen to integrate economic, social and ecological impact assessment 
of products along the lines of LCA, within the same framework. He proposes that ‘Life 
Cycle Sustainability Assessment’ (LCSA) of products would be a combination of Life Cycle 
Assessment (LCA), Life Cycle Costing (LCC) and ‘Social Life Cycle Assessment’ (SLCA) : 
LCSA = LCA + LCC + SLCA 
(Kloepffer 2008). 
Udo de Haes, in reply to Kloepffer, questions whether a wide range of impacts should be 
‘squeezed’ into LCA. He points out, for example, that modelling of areas such as 
biodiversity and soil erosion is very difficult in LCA, and that many social impacts would 
present similar problems. Udo de Haes believes that there are other tools which can 
better model social impacts (Kloepffer 2008). 
 
7.2  Integrated Environmental Accounting 
 
It appears sensible to integrate LCA (which operates on the product scale) with other 
types of environmental assessment that perform better on larger scales. Europe’s 
Integrated Product Policy (IPP) ‘aims to minimise the negative effects a product can 
cause during its life cycle by incorporating all phases of a product and including all 
players, and by implementing measures in areas where they are most effective'  
(Federal Office for the Environment - Switzerland 2009) 
 
Europe’s Integrated Product Policy (IPP) approach is based on five key principles:   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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  Life-Cycle Thinking – according to the Commission of the European 
Communities, LCA is different to Life-Cycle Thinking. LCA ‘involves the 
quantification and assessment of the environmental impacts of a product 
throughout its life-cycle’, while Life-Cycle Thinking ‘considers a product’s life-
cycle and aims for a reduction of its cumulative environmental impacts’
19. 
  Working with the market 
  Stakeholder Involvement 
  Continuous Improvement 
  A Variety of Policy Instruments 
(Commission of the European Communities 2003) 
 
An ‘integrated environmental accounting’ framework, named EXIOPOL, is currently 
being developed in the EU, as outlined in the article (in press) ‘A New Environmental 
Accounting Framework Using Externality Data and Input-Output Tools for Policy 
Analysis’ (Tukker A. 2008). Part of the framework proposes using ‘Supply and Use’ tables 
with environmental extensions for ‘Emissions output’ and ‘Primary Natural Resource 
input’ (ie. ‘elementary flows’) and ‘environmentally extended’ input-output tables. 
According to Tukker et al (2008), the framework would theoretically allow for improved 
assessment of ‘total environmental impacts and external costs for each industrial 
sector’. Such a framework would be likely to make use of LCA results, and would support 
LCA calculations. Perhaps such a framework will come into effect in Europe in the future. 
Perhaps the Australian energy sector will benefit from this kind of integrated 
environmental accounting framework in the future.   
                                                           
19 According to this description, it appears that this dissertation is an example of ‘Life-Cycle 
Thinking’, by considering the ‘cumulative environmental impacts’ of a PV system, and not 
focusing on a comparison between life-cycle stages and sub-processes.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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8  Conclusions 
 
Returning to Research Question 1 (RQ1):   Do PV systems have significant ecological 
impacts which are not already meaningfully accounted for and managed? To measure 
ecological impacts we need to systematically account for all life-cycle stages and 
different environmental impact categories. LCA helps to prevent ‘burden-shifting’ 
(where impacts, in a sense, ‘shift’ into areas where they are not being accounted for). 
 
LCA or LCA-related environmental accounting is necessary to enable meaningful 
accounting for the full life-cycle environmental impacts of PV systems and other 
electricity generation options. 
 
At present, the full life-cycle environmental impacts of PV systems are rarely 
meaningfully accounted for and managed using LCA. 
 
RQ1 helped to highlight the difficulty in obtaining a measure of the absolute significance 
of environmental impacts using LCA; it is difficult to answer the question of whether PV 
systems have significant ecological impacts. To do so, LCA needs to be integrated with 
external frameworks (such as an Emissions Trading Scheme for GHG emissions) which 
allow for an assessment of the significance of the absolute levels of resource depletion, 
harmful emissions, and other impacts. 
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It is important to ask whether PV has lower full life-cycle environmental impacts than 
conventional electricity generation options, and LCA can help to answer this question. 
 
LCA shows that (for a range of important environmental impacts) PV systems result in 
significantly lower full life-cycle environmental impacts than fossil-fuel alternatives, 
per unit of electricity generated. 
 
Returning to Research Question 2:   Is there any value in performing thorough 
environmental LCAs of PV systems? In comparing and assessing the environmental 
impacts of Australia’s electricity infrastructure options using LCA, it is important to be 
thorough and to measure a wide enough range of relevant environmental impact 
categories. It was shown that reasonably thorough environmental LCAs can be 
generated with the aid of commercially available LCI databases and using LCA software 
incorporating LCIA methods. 
 
There are a number of potential benefits in performing thorough environmental LCAs of 
PV systems (and other electricity generation options). LCAs may be useful in marketing 
low environmental impact technologies. LCA-related environmental accounting is 
required for regulation and eco-labelling schemes. 
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This study recommends that thorough LCAs be used to assess and to compare the full 
life-cycle environmental impacts of PV systems with all other electricity generation 
options, on a mandated and ongoing basis. 
 
In carrying out LCA, it is important to provide transparency throughout the process and 
to avoid assigning too much significance to aggregated and weighted data (which 
includes values-based judgements). 
 
Many of the potential benefits to be gained through the use of thorough environmental 
LCAs of products and energy services would rely on the coordinated participation of 
stakeholders at various levels, including both industry and government. 
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9  Recommendations and future research 
 
  To help to answer the question of how significant the ecological impacts of PV 
systems are, it would be recommended that the opinions of a range of suitably 
qualified experts be canvassed (perhaps ecologists?). Have the experts interpret 
the calculated values for the category indicators (bearing in mind that the data 
represents the impact of only 1kWh of electricity generation. It would also be 
important to consider the impacts resulting from the supply of larger quantities 
of PV sourced electricity). 
  To help to answer the question of whether the ecological impacts of PV systems 
are being accounted for at present, it is suggested that enquiries regarding 
environmental standards be made in China and India, who are producers of PV 
modules which are imported into Australia. It is also suggested that the 
environmental standards which apply in the microelectronics industry be 
examined in terms of their effectiveness in managing environmental impacts, 
and that it be determined to what extent (if at all) these same regulations are 
applied over the full life-cycle of PV systems. 
  The assessment in the Demonstration section should be repeated using ‘unit 
processes’ from the inventory database, and not a ‘system process’. This would 
provide for a wide range of further analyses to be performed, including 
uncertainty analysis (SimaPro software is able to perform ‘Monte-Carlo 
analysis’). 
  If the government mandated the use of environmentally rigorous LCAs to assist 
in evaluating Australia’s electricity options, the decision would be likely to 
contribute to a greater awareness of some of the advantages of PV, and other   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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renewable energy technologies, over conventional electricity generation 
options. Such a decision would also be likely to lead to improvements in the 
environmental performance of future electricity generation infrastructure. 
Besides endeavouring to account for environmental impacts, it is of course also 
important to account for social impacts and economic impacts of different 
electricity-supply options over their full life-cycles (there are no accepted 
methodologies for accounting for all three of these areas simultaneously). In the 
future there may be a greater recognition of the value of developing accounting 
frameworks which encompass financial, social and ecological domains, and 
which are compatible with sustainability principles. However, there is no 
guarantee that such accounting would be feasible in practice. 
  It is recommended that we further develop Australian Life Cycle Inventory 
databases. There is potential value in producing locally relevant Australian 
inventory data for PV systems and for other electricity generation technologies 
(and for a wide range of other products and industrial processes). 
  It is recommended that Australia develops sophisticated LCIA methods, which 
incorporate ‘Land Use’ and other important ecological impact categories. When 
using LCAs incorporating LCIAs to assess PV systems, it is recommended that a 
wide range of category indicators be employed, beyond the standard EPBT and 
GHG-related indicators. 
  Australia could stand to benefit from the development and use of LCIA methods 
which are tailored to Australian conditions, incorporating characterisation 
factors which are tailored to Australia's unique ecological conditions. A high 
standard of quality control and transparency would be recommended in such 
undertakings. It would be recommended that Australian efforts in this area be   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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compatible with ‘world's best practice’ LCIA methods, LCI databases, and LCA 
practice. 
  In a general sense, there is value in simultaneously accounting for all life cycle 
stages, to avoid ‘shifting’ the environmental burden to life-cycle stages which 
are not accounted for. Similarly, there is value in simultaneously accounting for 
a wide enough range of environmental indicators to avoid ‘shifting’ a significant 
environmental burden to environmental impact categories which are not 
accounted for. LCA has the potential to assist in this, but it is limited (partly by 
its focus on the functional unit). LCA might be even more useful when integrated 
with environmental accounting frameworks which operate beyond the product 
scale. It is recommended that research be carried out into combining LCA with 
other accounting frameworks to avoid the ‘shifting’ of burdens to areas where 
they are not accounted for (beyond the scope of the LCA). 
  Collaboration is recommended between Australian researchers and the 
European researchers who are developing ‘integrated environmental 
accounting’ frameworks. In the long-term, if such accounting frameworks were 
implemented, they would be likely to lead to an increase in the market share for 
lower ecological impact electricity generation options, such as PV systems.     Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Appendix: Limitations in quantifying impacts 
 
 
[Note: this appendix is not a core part of this dissertation. It is a playful meditation on 
some of the themes of the dissertation] 
 
This appendix consists of a set of diagrams intended to provoke thought and to 
challenge particular misconceptions. The diagrams were created while the author was 
writing this dissertation and was trying to understand economics and impact 
assessment. Difficulties which are encountered in quantifying real-world impacts are 
explored here in a very simplistic way. In a simplified way, the diagrams correspond to 
certain fundamental aspects of the process of quantifying impacts, and so there are 
parallels with applications which are implemented using computer software to account 
for environmental and other impacts. The reader is invited to consider the limitations of 
overly-simplistic attempts to quantify and manage real-world impacts, within the 
context of their own understanding of environmental accounting and economic 
management. 
 
A theme explored in this appendix is that market externalities can be persistent 
over time.  Externalities are shown in Figure 13 (below) as those coloured areas outside 
of area ‘a’. The diagrams in the appendix show externalities which have not been 
internalised into a market and which continue to exist even if they are left out of our 
analyses.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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The initial inspiration for Figure 13 was a diagram associated with ‘strong 
sustainability’
20 which contains three rings
21: one ring for the ‘economy’, one ring for 
‘society’ which contains the economy, and an outer ring ‘environment’, which contains 
society and the economy. I have not located a reference for that diagram, but in some 
ways it is similar to Figure 1 and Figure 13. 
                                                           
20 In strong sustainability ‘all forms of capital must be maintained intact independent of one 
another’. ‘Only by maintaining both natural and produced capital stocks intact can non-declining 
income be assured’ (United Nations Division for Sustainable Development 2003). 
21 It is in a sense artificial to create the three categories ‘economic’, ‘social’ and ‘ecological’. They 
might also be seen to be seamlessly interconnected.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Economic (a) 
   Social (b) 
Ecological (c) 
   
Figure 13   Economic, Social and Ecological categories 
 
Figure 14   Mapping externalities 
Figure 14 describes the categories depicted in Figure 13 and in later diagrams
(a)  (c-b)  (b-a)   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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These diagrams might be said to take the perspective of an ‘ecological approach 
to sustainable development’: economic and social systems are seen as sub-systems of 
the Earth’s environment. In such an approach, sustainability in economics and in the 
social sphere is ‘subordinate to sustainability of the environment’ (United Nations 
Division for Sustainable Development 2003). 
 
The second of the Bellagio Principles (adopted by the International Institute for 
Sustainable Development) is called ‘Holistic Perspective’. This principle provides 
guidance towards assessment of sustainable development (and is related to the ideas 
behind Figure 15). Such assessment should: 
  Review ‘the whole system as well as its parts’ 
  ‘Consider both positive and negative consequences of a human activity, 
in a way that reflects the costs and benefits for human and ecological 
systems, in monetary and non-monetary terms’ (Tester, Drake et al. 
2005)  pg. 287. 
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Figure 15   Mapping impacts 
 
Figure 15 represents an imaginary world in which environmental and other impacts can 
easily be quantified. Boxes A to D represent impacts resulting from a particular system under study. 
The impacts are designated as either harmful or beneficial by using either chequered or solid fill, 
respectively. The intensity of the colour is proportional to the intensity of the impact (in reality, of 
course, your opinion on the significance of particular impacts depends on your personal set of values. 
In an imaginary world, values can be universally agreed upon). Time is mapped vertically and the 
‘vertical measure’ of the ‘impact rectangles’ corresponds to the clearly defined start and end times of 
each impact (in an imaginary world). The ‘horizontal measure’ of the impact rectangles lines up 
(conveniently) with a set of corresponding impact categories below (perhaps resembling Life Cycle 
time 
        
impact  
categories 
social  economic  ecological 
A 
B  C
A 
D 
Harmful impact 
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Assessment?). For example, B is a low intensity beneficial impact with an economic aspect, whose 
impact categories coincide with some of those of the harmful impact A, which occurs after B has 
ended. 
 
Many of the diagrams to follow highlight the inherent difficulties in accounting for impacts in 
the complex dynamic interdependent systems of the real world. 
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Figure 16   The value of full life-cycle accounting 
 
In Figure 16, boxes A, B, C and D are ordered in a time sequence from A to D. In a very simple 
way, Figure 16 helps to communicate the idea of the life-cycle stages of a product or industrial 
process. If certain stages in the full life-cycle are ignored during an accounting process, the ‘burden of 
impacts’ at those stages may increase (or remain unacceptably high). Certain life-cycle stages are 
often effectively ignored in economic and environmental accounting. 
Despite the depiction in Figure 15 of both beneficial and harmful impacts, the diagrams from 
Figure 16 to Figure 23 only depict negative impacts. In addition, although many of the impacts in 
Figure 16 to Figure 23 are depicted as squares, this is only for convenience sake. Relative to other 
impacts, impacts would vary widely in duration, intensity, and in the range of impact categories 
which they include (as is suggested in Figure 15). 
time 
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Figure 17   The value of accounting for a range of categories of impacts. 
Boxes A, B, C and D correspond to impacts in different sets of impact categories (as explained 
in Figure 15). Figure 17 can help to communicate the idea that a product or industrial process can 
have impacts in a range of categories. If certain categories of impacts are ignored during an 
accounting process, then the ‘burden of impacts’ for those categories may increase (or remain 
unacceptably high). Certain categories of (arguably significant) impacts are often effectively ignored 
in economic and environmental accounting. 
Each of the indicators in Figure 17 (boxes 1, 2, 3 and 4) are used to account for a different 
group of impacts. Particular environmental assessments are designed with a particular purpose in 
mind which limits the range of impacts which they are designed to account for.  Additionally, in the 
interests of time and cost-effectiveness, only a limited range of impacts are usually accounted for. 
time 
         social  economic  ecological 
A 
B 
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Note: in an environmental assessment, the indicators may well only correspond directly to ecological 
impacts (eg. A, B, C and D in Figure 17 may be ecological impacts). Figure 21 may help to clarify this. 
 
 
Figure 18   Cascading impacts 
Impact A in Figure 18 causes impact B to occur at a later time. We can see from its position to 
the left of impact A, that impact B corresponds to a different set of impact categories (and we can 
see that both A and B have an economic component). Impact A also results in impact C occurring at a 
later time. Impact C has a social and ecological component, but no economic component. Impact A 
also results in impact D which is an ecological impact far removed from human society and economic 
activity. To provide an example, perhaps Impact A is due to the construction of a silicon solar module 
recycling plant in Western Australia, similar to Deutsche Solar AG’s pilot plant in Freiberg (The 
German Energy Society 2008). Impact B might be a resulting impact on the fortunes of a competing 
technology. Impact C might be the social impact of the closure of a free yoga class as a result of the 
noise from the recycling plant. Impact D might represent ecological damage at a remote location due 
to greenhouse gases emitted during the construction at A. 
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Figure 19   Cascading impacts in interdependent systems 
In Figure 19, the seemingly trivial social impact resulting from the closure of the yoga class in 
Figure 18 (now represented as impact A) precipitates a cascade of events.  
Although the example used above is trivial, the ideas might be seen to apply in a general way 
to fundamental difficulties which arise in accounting for the serious impacts resulting from the 
operation of the energy sector. 
Figure 19 would have to have been drawn in retrospect (after the time of impact E)  for  the 
nature of the impacts to have been determined so accurately. Note however that the previous 
statement is overly optimistic regarding the level of certainty in the assessment of ecological 
impacts. Even in retrospect, if a wide range of indicators had been sampled over the entire 
timeframe, there would still be uncertainty in the assessment of many of the impacts in Figure 19. 
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Figure 20   Future impacts are uncertain 
Figure 20 attempts (crudely) to represent the fog of uncertainty in the determination of the 
future effects of our current actions and uncertainty in measurements in the present moment. 
Impact A is expected to lead to impact B, but the blurring of the image of B (and particularly for C and 
E) represent uncertainty. Even if appropriate ecological indicators are measured, it is difficult to 
ascertain with certainty the ecological impacts at B resulting from the action associated with impact 
A (this may be familiar from the LCA standards mentioned in the Life Cycle Assessment chapter (ISO 
2006a) section 4.3 i). In a world of complex, dynamic and interdependent systems, unpredictable 
events may intervene which will alter the impact of A on B. However, despite this inherent 
uncertainty some impacts remain far more certain, such as D.   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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Figure 21   The possible value of taking a ‘sustainability’ approach in accounting 
Figure 21 tries to communicate the idea that a particular event in the life-cycle of a product 
or industrial process generally has associated economic, social and ecological impacts (perhaps 
indirectly). If any of the categories ‘economic’, ‘social’ or ‘ecological’ were ignored during an 
accounting process, the ‘burden of impacts’ for those categories may increase (or remain 
unacceptably high). If you do not take a ‘sustainability’ approach, you may fail to account for and to 
manage the full range of impacts (on all three layers). 
Event DEF might appear only to consist of an economic impact, but there may be value in 
directly accounting for the associated social and ecological impacts. Similarly, event ABC may be 
labelled as a social impact (as the social component B is shown as being the largest), but A and C 
should ideally also be accounted for. Event GH effectively does not have an economic component 
(perhaps no one ever ‘accounts’ for it), but it has a large impact on the ecological layer (for example: 
deforestation due to firewood collection in a third-world nation). 
The ideas from Figure 16 and Figure 17 also apply in Figure 21. 
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Figure 22   Emissions flows 
Figure 22 and Figure 23 show the elementary flows mentioned in the Introduction. The 
arrows are used differently here than in the previous diagrams. The arrows here follow crudely the 
path of the actual emissions (gas, liquid or solid) over time, which tend to flow out from the 
economy, and from human settlements. The flow of ‘emissions’ generally results in harmful impacts. 
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Figure 23   Resource Consumption flows 
   
In Figure 23, the arrows crudely represent the movement of the actual resources which are 
consumed by ‘the economy’ and by human settlements. The movement of resources (not 
surprisingly) generally occurs in one direction: towards the economy and human settlements. The 
flow of resources can cause harmful impacts including resource depletion. Note that in some LCIA 
methods various types of ‘resource depletion’ are assigned to impact categories. 
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Figure 24   Limited visibility of actual impacts 
 
Figure 24 is intended to help those who like to work with diagrams to conceptualise certain 
aspects of the problems with short-term thinking. It is also intended to show the problems due to 
accounting for an overly-narrow range of impact categories in economic and environmental 
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accounting. The diagram might also be used to think about problems which result from an over-
reliance on overly-simplistic methods to quantify impacts (such as particular methods which might be 
readily implemented using computer software). 
The section on the left of Figure 24, labelled ‘Actual Impacts’, is meant to represent (in a very 
simplified way), the actual impacts (both harmful and beneficial) which result during the full life-cycle 
of the system being considered. This diagram leads on from Figure 15. Looking at Figure 24, 
accounting for harmful and beneficial impacts might be seen to resemble cost-benefit analysis. Our 
experience tells us that this is an overly-simplistic interpretation, and that things are not so easy to 
quantify or manage in reality. 
The ‘Indicators’ section shows which indicators are being observed by the people attempting 
to assess the actual impacts. The small black rectangles at ‘D’ are meant to represent the moment 
that a particular indicator is measured. In a similar way to that in which the impact categories are 
shown in Figure 15, all of the categories of indicators which are available are imagined to be lined up 
side by side along the bottom of the Indicators section (but to make things more confusing, the 
indicators wouldn’t line up with the corresponding impact categories- in case the reader was 
wondering. However, that is not important). So, there are two types of indicators shown at D. One of 
them is sampled four times, and the other is only sampled once at the commencement of the project 
(or, for example, at the commencement of production of a PV system). 
  The ‘Visibility’ section is intended to suggest that limited information about the actual 
impacts is available to the people who are attempting to assess the impacts. Since no indicators were 
measured before the commencement of production, it is not possible to observe at G any of the 
impacts of the type ‘b-a’ (refer to Figure 13 for an explanation) caused before the time of 
commencement of production (eg. social impacts affecting the communities extracting the minerals 
to be used in the PV system when production commences). Similarly with H, the impacts of type ‘c-b’   Applying an environmental life-cycle approach to a silicon photovoltaic system 
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(again from  Figure 13) are not known. F signifies that predicted impacts are uncertain after the 
delivery of the PV system, because the impacts at B can’t be measured without observing indicators 
that correspond to them (and we have used a very limited number of indicators). 
 
Attempting to summarise Figure 24, it might be instructive to reflect that: 
  Externalities can be persistent over time. 
  Impacts for a particular product, industrial process (or project) occur in a number of life-cycle 
stages and a number of different impact categories. 
  Indicators provide limited visibility of actual impacts, and this limited visibility limits the 
ability to manage the impacts. It is important to acknowledge limitations of accounting 
methods. The Life Cycle Assessment methodology acknowledges its limitations and it 
acknowledges the importance of transparency. 
 
Some would argue that price signals in a well regulated market provide all of the information 
which our society needs to manage real-world impacts. Perhaps, though, there is the need for a 
greater ‘directness’ and transparency in accounting, to more effectively manage real-world systems 
(although there is no guarantee that it would ever  be practical to achieve this). Market evaluations 
will often (and inevitably) consist of delayed, indirect assessments, based on aggregated sets of 
indicators. The  lack of ‘quality’ of the ‘information flows’ and the lack of transparency might be 
expected to reduce the effectiveness of markets in accounting for and managing complex systems, 
such as environmental and social systems. When there are clear limitations in our methods of 
assigning value, it is worth acknowledging this fact openly and taking extra care to provide 
transparency (as with any good LCA of a PV system). 
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